In Arabidopsis, mutations in the genes FIE, FIS2 or MEDEA disrupt the normal dependence of seed development on fertilization. The products of these genes are similar to Polycomb group proteins, suggesting possible mechanisms for determining whether seeds can be produced sexually or asexually. Sexual reproduction in seed plants culminates in the production of seeds, which contain a dormant embryo enveloped in a protective seed coat. The seed can survive through harsh environments and be easily dispersed, with obvious benefits for the plant's evolutionary fitness. The embryo develops from the zygote that results from a fusion between the haploid sperm cell and the egg cell, which are produced in the haploid generation of plants referred to as the gametophytes. In flowering plants, the female gametophyte is enclosed by diploid tissues of reproductive structures called ovules ( Figure 1) ; these diploid ovule tissues develop into the seed coat following fertilization.
Sexual reproduction in seed plants culminates in the production of seeds, which contain a dormant embryo enveloped in a protective seed coat. The seed can survive through harsh environments and be easily dispersed, with obvious benefits for the plant's evolutionary fitness. The embryo develops from the zygote that results from a fusion between the haploid sperm cell and the egg cell, which are produced in the haploid generation of plants referred to as the gametophytes. In flowering plants, the female gametophyte is enclosed by diploid tissues of reproductive structures called ovules ( Figure 1 ); these diploid ovule tissues develop into the seed coat following fertilization.
A further characteristic feature of flowering plants is a process known as double fertilization [1] (Figure 1 ), in which an additional fusion event occurs between a second sperm cell and the so-called central cell, which is diploid. This second fusion generates a triploid cell that is the progenitor of the endosperm, a nutritional structure unique to flowering plants. In the group of flowering plants known as the dicots -such as pea, broccoli and peach -the endosperm supports the development of the embryo and is absorbed during late seed development. But in the group known as the monocots -such as maize, onion and palm -the endosperm becomes a storage organ in the mature seed and supports the development of seedlings during and after seed germination. Endosperm development is thus a critical component of seed development.
Clearly, normal seed development in a sexually reproducing plant is completely dependent on fertilization. The molecular mechanisms that underlie this important control are not known, however. Furthermore, many plants, including citrus and dandelion, are known to produce seeds asexually through a process called apomixis [2] . In these plants, diploid maternal cells develop into embryos without going through meiosis and fertilization, resulting in seeds that are genetic clones of the mother. Seed development in these plants therefore does not require fertilization or a paternal contribution. Apomixis allows a multiply heterozygous genotype that is adapted to a particular environment to spread quickly through seeds without losses due to heterogeneity. In agriculture, apomixis provides a means to propagate an elite crop variety clonally via seeds, which are more easily stored and transported than plants.
To understand the dependence of seed development in sexual plants on fertilization, and possibly gain insights into the genetic basis of apomixis, two groups have taken the approach of genetic dissection in Arabidopsis thaliana, a small relative of broccoli that is now used widely in basic research [3] [4] [5] [6] [7] . The aim was to identify mutants that can initiate aspects of seed development without fertilization. Arabidopsis normally self-pollinates to produce elongated seedpods, whereas male-sterile mutants have very short seedpods lacking seeds. Mutants that produce large, normal-sized seedpods on a background of male-sterile plants are therefore very easy to recognize.
Ohad et al. [3] looked for such mutants, starting with the Arabidopsis pop1 male-sterile mutant, which is sterile under low humidity but fertile under high humidity [8] . The conditional male sterility allowed the desired mutant phenotype to be screened under the non-permissive condition. Twelve putative mutants that produced large seedpods were identified using this approach; nine of them were found to be the result of allelic mutations, named fie for fertilization-independent endosperm [3, 6] . Similarly, Chaudhury et al. [4] used the floral mutant pistillata (pi), which does not produce the male reproductive organs known as stamens [9] . They screened for, and found, several fertilization independent seed development, or fis, mutants [4, 5] . These mutations define three genes, FIS1, FIS2, and FIS3. Genetic and phenotypic studies suggest that fie and fis3 are allelic [4] .
The fie and fis mutants have similar phenotypes [3, 4, 6] . During normal Arabidopsis seed development, embryo development is marked by stages with characteristic sizes and shapes ( Figure 2 ) [10] . Endosperm development progresses from a single triploid nucleus, to a multinucleated syncytium and then to a multicellular tissue, which eventually degenerates ( Figure 2 ) [3, 4] . When plants are heterozygous for one of these mutations, half of the female gametophytes inherit the mutation and initiate endosperm development without fertilization [3, 4, 6, 7] . In fie mutant ovules, endosperm develops up to the syncytium stage, and in fis1 and fis2 mutant ovules, the endosperm develops even further to the multicellular stage. The diploid ovule tissues surrounding mutant female gametophyte also grow, and develop into a seed coat-like structure with sizes similar to those seen in wildtype plants (where, of course, seed coat development occurs only after fertilization). These phenotypes suggest that the mutations affect genes that normally couple seedcoat and endosperm development to fertilization.
Fertilization is, however, required for normal embryo development in the mutant plants. In fie or fis3 mutant ovules, embryo development does not occur at all in the absence of fertilization [3, 4] . Although fis1 and fis2 mutants were said to initiate embryo development in the absence of fertilization [4] , it is not clear whether the embryo-like structures seen in these mutant seeds represent true early embryos. Furthermore, when fie/+ or fis/+ plants are pollinated with normal pollen to allow normal seed development, the half of the seeds carrying the mutant allele have an embryo that shows abnormal development, arresting at the heart or torpedo stage [3, 4, 7] . This abnormal development is not corrected by the wild-type paternal allele, although the paternal genome was detected in both mutant embryos and endosperms. The wild-type fie and fis functions are therefore required in the female gametophyte to ensure later embryo development, even when fertilization does occur. This maternal effect is very reminiscent of the phenotypes of the medea mutant, which was discovered by its maternaleffect role in embryo development (see below) [11] .
These mutant phenotypes clearly indicate that the fie and fis genes play important roles in the dependence on fertilization of seed coat and endosperm development, and to a lesser degree, embryo development. Furthermore, they are required in the female gametophyte for the subsequent embryo development. What is the molecular nature of these genes, and how might they confer these functions? Molecular cloning [6] has revealed that the FIE gene encodes a protein with strong similarityabout 40% amino-acid sequence identity -to the subgroup of Polycomb group proteins that contain WD repeats. This subgroup includes the Drosophila Extra sex combs (Esc) and mouse Embryonic ectoderm development (Eed) proteins [12, 13] . Furthermore, fis1 [5] , another fie-like mutation isolated by the Fischer group (f644) [7] , and the previously reported embryo-defective mutation emb173 [7, 14] were all found to be alleles of the MEDEA gene, which encodes a protein [11] highly similar -about 40% identity -to another subgroup of Polycomb group proteins. The Polycomb group proteins in this subgroup, which includes Drosophila Enhancer-ofzeste [15] , contain a SET domain and a CXC cysteinerich domain.
In Drosophila and mammals, Polycomb group proteins are required for long-term repression of homeotic genes [16] . Furthermore, the WD repeat Polycomb group proteins are known to physically interact with SET domain Polycomb group proteins [17] . The FIE and MEDEA proteins may therefore be part of a complex that helps determine the expression pattern of regulatory genes that control seed development. The Drosophila protein Esc, as mentioned a Polycomb group protein of the WD repeat subgroup, is thought to be recruited by interaction with the zinc-finger transcription factor Hunchback [12] . As it turns out, the FIS2 gene also encodes a zinc-finger Dispatch R637 protein [5] , suggesting that FIE and FIS2 might interact similarly to regulate gene expression.
The fie, fis2 and medea mutations that have been sequenced appear to be loss-of-function mutations [5] [6] [7] 11] , suggesting that they remove a negative control on seed development. For example, FIE, MEDEA and FIS2 might act to repress genes that are required for seed development, the repression normally being relieved in some way by fertilization, allowing seed development to initiate. The fact that maternal alleles of these genes are all required for embryo development suggests that they may control the expression of additional genes. As discussed previously [11, 18] , possible mechanisms for this maternal control include the maternal expression and storage of mRNAs or proteins from the three genes for functions during embryo development, or zygotic silencing of paternal alleles by genomic imprinting.
It is also worth noting that rare homozygous mutants were obtained for the fis1, medea and fis2 mutations [4, 7] , indicating that these mutations were occasionally inherited through the female line. This means that the female gametophytic functions of the genes are not essential for embryo development in the strictest sense, although a maternal contribution from the heterozygous diploid tissues cannot be ruled out. Alternatively, because other SET domain Polycomb group genes have been found in Arabidopsis [19] , it is possible that there is some functional redundancy. The phenotypes of the homozygous mutant plants also provide additional hints about the mechanism of these gene functions. First, embryo development after the homozygous mutant plants were pollinated with wildtype pollen is similar to that seen in mutant female gametophytes of the heterozygous plant. The fact that embryo development occurs until the heart or torpedo stage therefore cannot be explained by the presence of a normal copy of the gene in the diploid maternal tissues. That multiple alleles of all three genes, including those resulting in early protein termination, cause the same phenotypes also does not support the idea that some partial gene function is allowing early embryo development.
So one can be fairly certain that these three genes are not required for embryo development before the heart or torpedo stage. It is possible that the effect of these mutations on embryos is indirect, possibly through defects they might cause on endosperm development. If we assume that the mutations are indeed recessive loss-of-function alleles, then the mutant phenotypes can also be explained if the wild-type products of the FIE, FIS2 and MEDEA genes normally repress an inhibitor (or inhibitors) of embryo development beyond the heart stage. If such an inhibitor is synthesized in the female gametophyte, and not eliminated after fertilization, then the paternal copies of FIE, FIS2 and MEDEA may not rescue the mutant phenotype zygotically. 
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The Arabidopsis genes FIE, FIS2 and MEDEA are thus required for the dependence of endosperm and seed coat development on fertilization. They encode a zinc figure protein and proteins highly similar to Polycomb group proteins, suggesting that they might form a complex that represses gene expression. Their target genes likely include those that are normally derepressed by fertilization and required for seed development. The activity of these target genes might be altered in apomictic species. It is possible that this hypothetical Polycomb-group-like complex also represses the synthesis of an inhibitor of embryo development beyond the heart stage. This work has broken new grounds in understanding the control of seed development by fertilization and by the female gametophyte. Further studies of these genes should provide new insights into this important process, and may make it possible to generate apomictic varieties from sexually reproducing plant species.
